catalyst can operate in a stable way without the presence of carbon monoxide in the feed, which means that increased water contents in the product gas cannot destroy the catalyst's performance completely. The presence of benzene in the feed does not lead to a deactivation of the catalyst. With these findings methanol production starting from exhaust gases from steel mills seems to become an interesting alternative for sustainable methanol production.
Introduction
Depletion of fossil fuels and climate change are major energy, environmental, and economic issues all over the world. The green-house effect is caused by the release of carbon dioxide into the atmosphere from different power and chemical plants [1] . Conversion of CO 2 to methanol by catalytic hydrogenation is recognized as one of the most promising processes to mitigate the atmospheric CO 2 level because of a potentially large demand for methanol as both a fuel and a basic chemical [2] .
Methanol can be used as a fuel in motor engines because of its efficient combustion and low cost compared to all other fuels. Moreover, using methanol as a fuel allows one to reduce the emissions of undesirable toxic products such as unburned hydrocarbon, CO and NO x [3] . Methanol has a high-octane number in comparison to gasoline that enables efficient engine performance. Another benefit is the possibility to extinguish methanol fire by water. Nevertheless, methanol is corrosive to some materials, which are used in the engines. Therefore, modifications of an engine must be done for utilization of a high-level blend mixture or a pure methanol fuel. Nowadays, low-level blend mixtures can be used without any change of the motor engines [4] .
Additionally, the sustainable storage of renewable energies (wind, hydro and solar) is an important issue these days. This can be done by electro-catalytic hydrogen production from water with the following conversion of H 2 into methanol [5, 6] . This concept of the methanol economy was studied by Olah [2] .
In the conventional continuous process methanol is produced industrially from the syngas-a mixture of CO, CO 2 , and H 2 derived from the reforming of natural gas [7] . However, the exhaust gases from steel mill plants can possibly be also used as a feedstock for methanol synthesis. Three different process stages from coal to steel provide three different gas types: coke oven gas, blast furnace gas, and converter gas, which differ in their composition. The main components of blast furnace and converter gases are carbon dioxide, carbon monoxide and nitrogen. Coke oven gas mostly contains hydrogen and methane [8] . After gas conditioning including purification the exhaust gases can act as a possible feed gas for the methanol synthesis. Nevertheless, due to a lack of a sufficient amount of H 2 in the exhaust gases, an additional hydrogen source like sustainable electro-catalytic hydrogen production is mandatory. An alternative could be hydrogen generation via conversion of exhaust CO and water by the water-gas-shift (WGS) reaction to hydrogen and CO 2 during feed gas conditioning. In the latter case the hydrogenation of pure CO 2 or CO 2 enriched synthesis gas mixtures is rendered an interesting reaction. Besides the main components, the steel mill gases additionally contain different impurities such as metals, sulfur-, nitrogen-, and chlorine-containing compounds, polycyclic aromatic hydrocarbons (PAHs), and BTEX-aromatics (benzene, toluene, ethylbenzene and xylenes). With these trace components, an integrated sustainable methanol 1 3 production will face new challenges. It is well known that sulfur and chlorine will poison the methanol synthesis catalyst [9] . Some metals such as iron and nickel can also affect the catalytic activity and selectivity of the methanol synthesis resulting in the formation of hydrocarbons by the Fischer-Tropsch reaction [10] . However, to the best of our knowledge the effect of aromatic compounds such as BTEX and PAHs on the catalyst's performance was never tested in the methanol synthesis reaction so far. Nevertheless, for an efficient production of valuable chemicals like methanol from the exhaust gases, it is mandatory to know which components can remain in the gas feed mixture and which components can cause deactivation of the catalyst or selectivity problems and should be removed.
Conventionally, methanol synthesis is performed over the Cu/ZnO/Al 2 O 3 catalyst at 513-533 K and 50-100 bar from the syngas (mixture of CO, CO 2 and H 2 ) [11] . There is a debate in the literature about the origin of the carbon source in methanol: carbon monoxide or carbon dioxide. The early work by Klier [12] report that the main source of carbon in a methanol molecule is carbon monoxide. However, later on, Chinchen et al. [13] showed by isotopic labelling of CO 2 in syngas that CO 2 is the primary methanol source when methanol synthesis is performed over the commercial catalyst. The results obtained by Schlögl and co-workers [14] , who also used 13 CO 2 -labeling for the determination of the carbon source, confirm this statement. It is worth to note that carbon monoxide acts as a scavenger of oxygen atoms coming from the water production [11] .
When methanol is produced only by hydrogenation of pure CO 2 (without addition of CO), two important competitive reactions exist: methanol synthesis (Eq. 1) and the reverse water gas shift (RWGS) reaction (Eq. 2). ΔH = −49.5 kJ/mol ΔH = 41.2 kJ/mol. Water formation in both reactions may deactivate the Cu-based catalyst. Liu et al. [15] reported the inhibiting effect of water adsorption during CO 2 hydrogenation, which was confirmed by Sahibzada et al. [16] When differential conversions are achieved, CO 2 hydrogenation is around 20 times faster than hydrogenation of CO, underlining the role of CO 2 as the main carbon source and showing that there is only a negligible inhibition by CO 2 itself [16] . But when methanol synthesis is performed at finite, higher conversions, there is an order of magnitude difference between finite and differential conversions in methanol synthesis starting from CO 2 [16] . This observation indicates that the product water inhibits the production of methanol. Liu et al. [15] interpreted the inhibiting effect by
strong water adsorption and blocking of the active sites for CO 2 hydrogenation. The blocking species was further proposed to be carbonate or formate species resulting from the reaction of water with CO 2 [16] .
Additional reasons for the deactivation of Cu-based catalysts by water mentioned in the literature [17] are blocking of hydrogen adsorption sites, morphology changes of Cu [17, 18] , and the oxidation of the active Cu-phase [17] . An irreversible deactivation of Cu catalysts was explained by recrystallization and an enhanced sintering tendency of the Cu particles by water addition [17, 19] , whereas no sintering and no Cu oxidation was observed by Omata et al. [17] during their study on the deactivation due to the presence of water.
All of these findings render a deeper understanding of the CO 2 hydrogenation and an expansion of the known parameter space of a Cu-based catalyst is important. It is mandatory to investigate, if an economical feasible production of methanol starting from the exhaust gases can be achieved and which purification and feed gas conditioning steps are indispensable.
Parameters such as pressure, temperature and space velocity play important roles in determining the reaction performance.
The aim of this study is to establish a fundament for the usage of the exhaust gases of steel mills as feed gases for methanol synthesis to ascertain a sustainable production for the future. Therefore, the working efficiency of the commercial catalyst at different reaction conditions for the methanol synthesis through hydrogenation of pure CO 2 is investigated. Additionally, the production stability of the catalyst in the presence of benzene impurities as a representative of the BTEX aromatics is determined.
Experimental

Catalyst Test
As the catalyst the FHI-standard catalyst (Cu/ZnO/Al 2 O 3 ) [20] is used for all the investigations in this study.
Catalyst testing in CO 2 hydrogenation is performed using stainless steel flow type fixed bed reactor (Fig. 1) . The reactor is a 316 stainless steel tube, which is 53.3 cm in length with 19.05 mm o.d. and 13.5 mm i.d. It is larger than often used laboratory-scale reactors (6 mm i.d.) [21] . This allows us to use a higher amount of the catalyst for the measurements up to 1 g. The isothermal zone in the middle of the reactor is 10 cm. Gas flows are controlled and monitored with mass flow controllers (Bronkhorst). The reactor pressure is maintained via a back-pressure regulator. The catalyst bed temperature is measured during the reaction using a type K thermocouple positioned within the reactor itself in the center of the catalyst bed. The reactor temperature is maintained by an external heating furnace. The setup is equipped with the liquid storage vessel, which is cooled to 5 °C to condense and collect the methanol-water mixture. The catalyst bed zone is placed between SiO 2 chips (250-355 µm). The ends of the reactor are blocked with glass wool to protect gas lines from SiO 2 . The catalyst bed contains the Cu/ZnO/Al 2 O 3 catalyst (100-200 µm, 1 g) diluted with SiO 2 (1:7 by volume).
The catalyst was activated before catalytic experiments. The fresh catalyst was reduced in-situ at 523 K (1 K/min) for 3 h in a gas mixture with a ratio of H 2 :N 2 = 4:5. Upon reduction a gas mixture of H 2 /CO 2 with a molar ratio of 7:2 was introduced into the reactor. The pressure was increased to 30 bar. All lines were heated to 393 K to avoid methanol and water condensation. The catalyst was stabilized for 18 h at 523 K after the beginning of the reaction.
The catalyst testing is carried out in the temperature range of 473-533 K, at a pressure of 30 bar, and in the space velocity range of 20,000-46,000 h −1 . Experiments are performed by establishing T, P, and flow conditions followed by 2 h of equilibration time to achieve the steady state. For the same reaction conditions, products are collected and taken from the vessel twice. The liquid samples are characterized by GC-MS (Agilent) for the quantification of the methanol concentration. Methanol is determined with an Innowax column using the standard calibration method.
Transmission Electron Microscopy (TEM) Measurements
TEM samples of the Cu/ZnO/Al 2 O 3 catalyst after methanol synthesis in the presence of benzene were recorded on a FEI Titan 80-300 equipped with a Cs corrector at the image forming lense. The catalyst was stored in dry methanol. Prior to the measurements, the sample was evacuated and placed without exposure to ambient air in the glove box.
Final drying was achieved via the pumping circles during insertion. A lacey carbon coated Au TEM grid was used to image the sample in the microscope. The sample was transferred to the microscope without exposure to ambient air using a TEM vacuum transfer holder.
Results and Discussion
The CO 2 hydrogenation activity data are presented in terms of CO 2 conversion, methanol yield, and methanol selectivity values. The reaction is started at the base line conditions: temperature of 523 K, pressure of 30 bar and space velocity of 37,000 h −1
. It is necessary to run the base line experiment from time to time in order to verify that the catalyst retains its steady-state activity. The first set of measurements is carried out in the temperature range of 473-533 K, a pressure of 30 bar, and a space velocity of 37,000 h −1
. The upper limit of the temperature is determined by the temperature of brass formation, which can occur at around 573 K [22] .
The methanol/water mixture was condensed downstream of the reactor. As it was mentioned in the experimental part, the samples were taken twice after 6 and 18 h of the continuous flows for the same reaction conditions. The long time for the liquid condensation is necessary to obtain reasonable amount of the sample in the storage vessel ( Fig. 1 ). The usage of such kind of setup allows producing a high amount of methanol and get reliable results. Off-line detection of products to obtain high-quality quantitative data is used. Overall time of the measurement without replacing the catalyst was 324 h. The volume of the methanol/water mixture obtained per hour is practically the same for two points (Fig. 2) . The difference can be explained by a pressure decrease of 0.2-0.5 bar during opening the vessel to empty it. The lower temperature the lower is the methanol/water amount since the reaction rate decreases. The base line experiments at 523 K show that there is a slight decrease in the produced amount with time that is caused by deactivation of the catalyst. As already mentioned above, deactivation can be caused by the water formation during CO 2 hydrogenation, which adsorbs on the active sites of the catalyst. This results in inhibition of the CO 2 adsorption. Sahibzada et al. [16] showed that a lower methanol production rate is observed with addition of water to the H 2 /CO 2 feed. Another possible reason of catalyst deactivation is crystallization of Cu and ZnO particles [23] . Water produced during methanol synthesis from CO 2 -rich feed can accelerate the crystallization of particles leading to deactivation that was observed for the Cu/ZnO/ZrO 2 / Al 2 O 3 catalyst [19] . The Cu particle size increases from 83 to 135 Å for 500 h of the experiment at 523 K and 50 bar [19] .
For the determination of the methanol purity and presence of by-products the methanol/water mixture condensed in the setup vessel is analyzed by GC-MS. It is known that major byproducts obtained during methanol synthesis at typical industrial operating conditions (70-100 bar, 493-553 K, 30,000-40,000 h −1 ) are higher alcohols, methyl formate, and hydrocarbons [24] . However, the formation of higher alcohols can be suppressed by the presence of CO 2 in the feed.
In the current work the determination of the methanol concentration is done by the internal standard calibration method. This method consists of plotting the ratio of the analyte signal to the internal standard signal as a function of the ratio of the concentrations of analyte and internal standard. The internal standard is a compound which is similar to the compound of interest but not exactly the same. In the current work 2-propanol is used as the internal standard. Representative chromatograms (Fig. 3) show the presence of CO 2 and methyl formate in trace amount in the condensed methanol/water solutions.
It is known that carbon dioxide has a quite high solubility in water [25] . The temperature of the vessel, where methanol and water are condensed, is 5 °C. At this temperature and atmospheric pressure, the CO 2 solubility is 0.3 g in 100 ml of water. Thus, CO 2 dissolves in the water. That is confirmed by the chromatogram.
Urakawa and co-workers [26] performed methanol synthesis in the temperature range of 443-553 K, a pressure of 30 bar, and ratio of H 2 :CO 2 = 3.8:1 over a Cu/Al 2 O 3 catalyst. They showed that the formation of methyl formate is observed at low temperatures. The selectivity towards methyl formate decreases from 0.2 to practically 0.0% with a temperature increase from 473 to 503 K [26] . The present work shows the same trend in methyl formate selectivity with the temperature for the ternary Cu/ZnO/Al 2 O 3 catalyst. The methyl formate presence can be observed on the chromatogram presented for the sample, which was produced at 483 K (Fig. 3a) . Methyl formate is also observed in the samples obtained in the temperature range of 493-513 K. These chromatograms are not presented in the paper. Hence, increase of the temperature from 473 to 523 K leads to the decrease and total vanishing of methyl formate (Fig. 3b) . Above 513 K the formation of methyl formate was suppressed.
It has been proposed that formate formation during CO 2 hydrogenation can be explained by eventual reduction of carbonate-bicarbonate species, which are formed on the catalyst surface [27] . Methanol can react with the formate species adsorbed on the catalyst's surface, which are intermediates during methanol synthesis and reverse water gas shift reaction, to produce methyl formate by the reaction given in Eq. 3 [28] .
Alternatively, Rosovskii et al. [29] reported that methanol can decompose over a Cu-based catalyst in the temperature range of 423-523 K to methyl formate, CO, and H 2 (Eqs. 4, 5).
Methanol decomposition was studied [28] by injections of methanol at 473 and 573 K over the Cu/ZnO/Al 2 O 3 catalyst. According to the obtained results the methyl formate amount decreases and the CO amount increases with time. This is an illustration of the case of an intermediate and a final product for consecutive reactions. It should be noted that at temperatures higher than 473 K the selectivity of methanol dehydrogenation to methyl formate is low. These results also confirm our data that at higher temperature methyl formate disappears.
Hence, the commercial catalyst designed for methanol synthesis using CO-containing syngas is also efficient for CO 2 hydrogenation without producing high amount of the by-products under the investigated conditions. However, one should keep in mind that the trace amount of methyl formate can still cause a problem for the downstream use of methanol produced. The trace amount of CO 2 and methyl formate was not taken into account for the calculation of the catalytic productivity.
The dependence of the CO 2 conversion on the temperature and the space velocity as well as equilibrium conversion predicted from thermodynamics is shown in Fig. 4 . The thermodynamic equilibrium for the conversion is calculated using the software HSC 5.1 assuming that the only The experimental CO 2 conversion increases monotonously with the reaction temperature approaching thermodynamic equilibrium and lies in the range of 2-16.5% at the pressure of 30 bar and space velocity of 37,000 h −1 (Fig. 4) . Methanol formation is thermodynamically favored at low temperatures, while carbon monoxide is produced in the higher extent at high temperatures due to the reverse water gas shift reaction. As already explained before, the activity of the catalyst can be suppressed with pure CO 2 / H 2 feed because of the presence of water. Water can be adsorbed on the active sites of the catalyst. This results in inhibition of the adsorption of CO 2 on the active site for the further catalytic performance. When carbon monoxide is present, it can act as a scavenger and reacts with water to form carbon dioxide and hydrogen by the water gas shift reaction to regenerate active sites on copper [30] .
The second suite of the experiments was performed to observe the effect of the space velocity on the CO 2 conversion. As expected, the conversion increases with longer contact time (decreasing space velocity) of the gas mixture with the catalyst surface during reaction. With a space velocity of 30,000 h −1 the CO 2 conversion reaches 18% at 533 K. However, there is still a gap between measured conversion and the maximum conversion calculated from thermodynamics.
When the measurement takes place under ideal differential conditions without heat or mass transport limitations with infinitesimal small conversions, the production rate of a reaction should keep constant independent of the space velocity. That is why at higher space velocities a lower conversion is expected as more reactants are introduced into the reactor and the same amount reacts rendering the fraction of reacted molecules smaller. As the productivity in methanol synthesis is changing with the space velocity as illustrated later on in Table 1 , it is clear that measurements are not performed under perfect differential conditions. The given productivities are integral reaction rates over the catalyst bed. At higher conversions, lower partial pressures of CO 2 and H 2 are expected at the outlet of the reactor because a significant amount did already react. Therefore, a lower reaction rate is expected. Additionally, when investigating reversible reactions, the back reaction becomes faster as partial pressures of methanol and water becomes higher. The measured integral productivity is then an average of all reaction rates at different axial positions over the catalyst bed. At lower space velocities, a higher conversion is measured. The productivity becomes smaller as lower partial pressures of reactants hydrogen and CO 2 are present at the end of the reactor. Figure 5 shows the influence of the reaction temperature and space velocity on the CH 3 OH yield and CH 3 OH selectivity. The methanol yield was calculated as the ratio of produced methanol to the total amount of CO 2 passed through the reactor. The methanol yield increases with temperature (Fig. 5a ). This indicates that high temperature promotes formation of methanol in spite of a decrease in methanol selectivity. That is, the rates of both reactions increase, however, the contribution of the reverse water gas shift reaction is higher with higher temperature. The influence of the space velocity on the methanol yield is also considered in this investigation. The methanol yield increases with decrease of space velocity due to longer contact time of reactants with the catalyst surface. Figure 5b compares the selectivity to methanol obtained at different temperatures and space velocities over the commercial catalyst. As expected from thermodynamics, the higher amount of CO is produced during the experiment at higher temperature, and the selectivity towards methanol production decreases. This behavior can be caused by the competitive reverse water gas shift reaction, which is thermodynamically more preferable at higher temperatures. This may hint on a very fast side reaction, which reaches the thermodynamic equilibrium. At least, the CO formation is accelerated faster with the temperature increase than that of CH 3 OH, thus, favoring the CO selectivity at higher temperatures. This goes well in line with a higher energy of activation as it is mentioned later. The methanol selectivity monotonously decreases with the temperature and lies in the ranges of 33-66% at 37,000 h . The same dependence of the methanol selectivity on the temperature is observed. However, there is no clear trend in influence of the space velocity on selectivity. Sun et al. [31] showed that the methanol selectivity decreases with lower space velocity. It can be explained by additional formation of CO from the secondary reaction of methanol decomposition (CH 3 OH = CO + 2H 2 ) under the chosen reaction conditions. When the contact time of reactant gases with the catalyst surface is long this reaction is not a negligible process anymore. On the other hand, the lower space velocity results in the higher selectivity in case of the high water formation, which promotes a shift of the equilibrium of the reverse water gas shift reaction to the side of reactants: CO 2 and H 2 . Hence, a lower CO amount will be formed. With these effects compensating each other, a more or less constant selectivity can be explained.
In our work for the temperatures of 473, 523 and 533 K the selectivity values are practically the same for different values of the space velocity. Therefore, the effect of the gas hourly space velocity, which is a parameter that reflects the reactor efficiency, is also tested at the temperature of 523 K and a pressure of 30 bar (Fig. 6) .
The space velocities in the range of 20,000-46,000 h −1 are used for studying the catalytic behavior. More CO 2 and H 2 are introduced into the reactor with the higher space velocity; the contact time of the reactants with the catalyst surface is shorter. As a result, CO 2 conversion decreases.
As it was mentioned before, the methanol yield increases with decrease of space velocity because of a longer contact time of the reactants with the catalyst surface. However, as can be seen, the selectivity to methanol practically does not depend on the space velocity, which is in line with expectations for the reaction in the kinetic region not disturbed by mass and heat transport processes [32] . The methanol production rates are presented in Table 1 for different reaction conditions. They are calculated from the concentrations of methanol determined by GC-MS and the volume of the methanol-water mixture condensed. The methanol production rate increases with an increase of temperature. It was possible to achieve production rates as high as 0.96 g MeOH /(g cat *h), which renders the hydrogenation of pure CO 2 over the commercial Cu/ZnO/Al 2 O 3 catalyst an interesting alternative for the production of methanol.
The measured production rate could possibly be even further increased by increasing the space velocity until differential reaction conditions would be reached.
According to the linear relationship between the natural logarithm of the production rate and the reciprocal of the temperature that exists in the controlling region of kinetics, the values of apparent activation energy were calculated for the methanol and CO production. The obtained CO amount was calculated from the stoichiometry of the two reactions:
The total volume of the mixture solution is known. The methanol concentration is quantified by GC-MS measurement. Using the stoichiometry of the reaction the water and carbon monoxide amount produced during methanol synthesis was calculated. The resulting apparent activation energies are listed in Table 2 . The activation energies for the methanol production are 43-44 kJ/mol. It can be concluded that space velocity does not influence the activation barriers.
The activation energies published in this work are lower than that for the Cu(110) plane (67 kJ/mol) [33] and polycrystalline Cu (77 kJ/mol) [34] . The values of the activation energy are lower over the promoted Cu-based catalysts than that over crystalline copper. It can be assumed that promoters participate in the reaction favoring a decreasing activation barriers [35] . The apparent activation energies are 33 and 45 kJ/mol for methanol formation by CO 2 hydrogenation over the Cu/ZnO/ZrO 2 catalysts promoted by a variety of metals prepared by citric and carbonate methods, respectively [32] . Similar values of 37-41 kJ/mol for methanol formation in CO 2 hydrogenation at ambient pressure were obtained by Schumann et al. [21] for the Cu/ZnO catalysts doped with Al or Ga prepared by the impregnation method. The activation energies for methanol synthesis published in the present work are well in line with that activation energies.
In the case of the reverse water-gas-shift reaction, the activation energies for CO formation are 82-83 kJ/mol. The main consequence of this result is that the rate of methanol formation decreases slower than that of CO formation, when the temperature is decreased, thus, favoring the methanol selectivity at lower temperatures.
For an economic feasibility, the methanol catalyst should reveal a stable productivity for long time-on-stream measurements. There is a lack of data for long term stability tests over the commercial Cu/ZnO/Al 2 O 3 catalyst in CO 2 hydrogenation with a molar ratio of H 2 :CO 2 = 7:2. That is why a stability test was carried out at temperatures of 523 and 503 K for 210 and 325 h, respectively (Fig. 7) .
The experiment performed at 523 K shows the decrease in the methanol space time yield (STY) by 9.8% in the first 42 h. After that STY monotonously decreases to 0.75 g/ (g cat *h). For the temperature of 503 K the measurements were done for a longer time of 325 h. A decrease in the catalytic productivity by 8.1% in the first 72 h is observed. After that the catalyst works stable for another 250 h and shows only a slight deactivation afterwards.
It is supposed that the Cu sintering is the primary cause of deactivation in the Cu/ZnO-based methanol synthesis catalysts [9] . As mentioned above, the crystallization of Cu and ZnO particles in the catalyst could be accelerated by water produced along with methanol using CO 2 -rich feed [19] . This leads to the reduction of surface area and copper surface area, and as a result to the catalyst deactivation. Hence, the initial rapid deactivation of the Cu/ZnO/Al 2 O 3 can be caused by a loss of copper surface area when some of the very finely dispersed Cu crystallites agglomerate [10] . The growth of ZnO particles weakens the Cu-ZnO interfacial contact during methanol synthesis through pure CO 2 hydrogenation, leading to the agglomeration of Cu particles [36] . When CO is present in the feed, the deactivation of the catalyst occurs in the same manner [37] . It was shown that the methanol productivity drops by 17% for 500 h of the experiment during methanol synthesis over Cu/ZnO/Al 2 O 3 catalyst at 50 bar and 498 K. Hence, the similar stabilities are achieved in the presence of only CO 2 . The results of the stability tests show that the catalyst can operate in a stable way without the presence of carbon monoxide in the feed meaning that substantial water contents in the product stream seem not to destroy the catalyst.
It is known that higher pressures are preferable for a high methanol yield. Due to the steady loss in activity, a reasonable performance of the methanol synthesis reaction is increasing the pressure with time to keep the catalytic productivity constant. Bart et al. [11] published the results obtained by Boelens. He showed that it is possible to maintain 86% of the initial methanol yield after 1850 h of the experiment by increase of the pressure from 69 to 88 bar at 513 K and 35,000 h −1 . A rise of the temperature is not an option to maintain the catalytic productivity on the same level since this would lead to sintering of the catalyst and formation of brass.
There is a lack of information dedicated to investigation of pressure effect on the methanol synthesis. Nevertheless, if methanol will be produced from exhaust gases as feedstock together with hydrogen from renewable energies, intermittent production conditions have to be taken into account due to the special occurrence of the feed. The possibility of unexpected shutdown of one of the ovens during steel production cannot be excluded. So far, Bansode et al. [26] carried out an experiment on the Cu/Al 2 O 3 catalyst at different temperatures (443-553 K °C) and pressures (4-360 bar). They showed that the maximum value of the CO 2 conversion is 29.6% at 360 bar and 553 K. However, for every new pressure conditions the new catalyst was placed in the reactor. Such kind of experiment cannot show the influence of the pressure on the catalyst deactivation.
Therefore, the investigation of the dynamics of the pressure change was done in the present work. The time on stream measurements are performed with switches of the pressure between 30 and 50 bar for 500 h (Fig. 8) . After 200 h of the experiment the switch is repeated every day for 12 days. It can be seen that a long time of the experiment is needed for achievement of the steady-state performance of the catalyst.
At 30 bar the loss in productivity [from 0.93 to 0.80 g/ (g cat *h)] is 13.7% for the first 180 h. For the next 270 h the decrease in the methanol production rate is only 4.5%. The results are in agreement with the measurements presented in Fig. 7 . As it was mentioned before, the fast deactivation at the beginning of the experiment can be caused by the sintering Cu particles. After that the methanol production rate approaches a steady state. The measurements performed at 50 bar showed the smaller drop in catalytic activity for the whole time range, it is only 13% versus 18% at 30 bar. However, the observed decrease is continuous, and it does not approach to the steady-state level even after 500 h of the experiment. The longer time to reach steady state may be needed for the measurements which are done at 50 bar.
It was reported [18] that the continuous deactivation of the Cu/ZnO/ZrO 2 /Al 2 O 3 catalyst occurs during methanol synthesis in CO 2 -rich gas feed (CO 2 :CO:H 2 = 22:3:75) at 50 bar and 523 K. The stable catalytic performance was not reached in 500 h. It is assumed that water produced along with methanol accelerates crystallization of Cu and ZnO during methanol synthesis. This is in agreement with our results. Nevertheless, this deactivation at 50 bar does not affect the activity at 30 bar, which renders an irreversible crystallization of Cu and ZnO unlikely. By comparison of the production rates at 30 bar and 523 K shown in Figs. 6 and 7 it is proven that dynamical pressure changes to 50 bar do not influence the catalyst performance at 523 K and 30 bar.
As it was mentioned in the introduction, the steel mill gases contain different impurities such as BTEX-aromatics and PAHs. Its presence may poison the catalyst during long-term methanol synthesis and results in decreasing CO 2 conversion and methanol yield. However, the influence of aromatics in the gas feed for methanol synthesis has never been reported. The first step to understand the effect of aromatics on catalyst performance is done by adding benzene to the feed gas mixture.
The experiments in the presence of benzene impurities are performed in the gas mixture of H 2 /CO 2 /(500 ppm C 6 H 6 in N 2 ) with a ratio of 37:10:4. The long-term stability test is done at 523 K, 15 bar, and 37,000 h −1 . Changes in the methanol production rate with time-on-stream are presented in Fig. 9 . For comparison, a measurement under a pure H 2 /CO 2 /N 2 gas mixture was performed at the beginning of the long-term stability test.
The benzene concentration, which was detected in crude gases from different coke ovens, varies in the range of 28-35 g/m 3 depending on the coal used [38] . After cleaning the gas contains less than 5 g/m 3 of benzene. In our work the benzene concentration of approximately 1.6 g/ m 3 is used. During the experiment 1.3 g of benzene passed through the catalyst bed.
The methanol production rate stays in the same order of magnitude [ca. 0.3 g/(g cat *h)] compared to benzenefree feed gas, which is represented in the first data point. The methanol production rate is much lower than that [ca. 0.8 g/(g cat *h)] for methanol synthesis performed at 30 bar. As we showed before, the pressure has a high impact on catalyst performance. The pressure limit for the experiment in the presence of benzene impurities is determined by total pressure of the gas cylinder used. The catalyst shows a high stability with time-on-stream for 240 h at the present reaction conditions in the presence of benzene impurities in the gas feed mixture. Benzene is condensed in the storage vessel along with methanol and water. However, the concentration is too low to be determined quantitatively by GC-MS.
It is worth to note that there are two drops in methanol yield after 50 and 165 h of the experiment. It can be caused by decrease of the setup pressure during sample taking and its equilibration afterwards. The value of the pressure drops and the time for stabilization of the pressure depends on the time period how long the vessel was opened.
TEM samples of the Cu/ZnO/Al 2 O 3 catalyst after methanol synthesis in the presence of benzene impurities were recorded. Figure 10 shows a TEM image of the sample after methanol synthesis in the presence of benzene. After reaction wurtzite ZnO nanoislands have formed on top of the Cu nanoparticles, which was also observed on the same catalyst in the initial stages of reaction [23] . Corrugation at the surfaces may indicate a remaining ZnO overlayer as it has been described for this type of catalyst after reductive activation [39] .
A further purification step of the steel mill gases from BTEX aromatics does not seem to be necessary as the impurities do not affect the catalyst's stability and activity. The measurement performed in the presence of benzene is the first step to a usage of the exhaust gases from steel mills for methanol synthesis and investigation of catalyst performance.
Conclusion
The aim of the present work was to find optimal conditions to obtain a high efficiency of methanol production and low concentrations of side products. High selectivity of methanol is preferable as it is the main desired product of methanol synthesis and less concentration of CO produced during the reaction because of its toxicity.
We showed that methanol produced by CO 2 hydrogenation using a commercial catalyst contains trace amount of methyl formate which depends on the temperature used. Methyl formate can still cause the problem in downstream use of methanol. The temperature of the reaction is determined by brass formation and thermodynamic equilibrium. An increase of temperature results in a decrease of methanol selectivity because of a higher contribution of the reverse water gas shift reaction. However, an increase of the methanol yield is observed, when the system is operated under kinetic control.
The catalyst can operate in a stable way without CO in the feed gas meaning that water contents in the product stream seem not to destroy the catalyst. Additionally, it was possible to operate the catalyst under intermittent production conditions simulated by dynamic pressure changes from 30 to 50 bar. No restraining influence on the performance at 30 bar was observed by the temporal changes to 50 bar. Additionally, it was found that the never tested interaction of the Cu/ZnO/Al 2 O 3 catalyst with benzene impurities do not affect the catalyst stability. That is an important hint towards the possibility of using the steel mill gases for methanol production without a further purification step from BTEX-aromatics. In summary, this study showed that the commercial Cu-based catalyst developed for the conventional methanol synthesis process starting from CO/CO 2 /H 2 feed gas mixtures is a promising candidate for the usage during sustainable methanol synthesis from exhaust gases under dynamic operation conditions possibly together with hydrogen produced from renewable energies. This will help to do the next step in developing sustainable and environmental friendly production routes for basic chemicals like methanol.
